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• BFR concentrations in the soil were dominated by deca-BDEs, TBBPA, and DBDPE.
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• Manufacturing plants are a very signiﬁcant source of BFRs into the environment.⁎ Corresponding author. Tel.: +86 20 85290146; fax: +
E-mail address: chenshejun@gig.ac.cn (S.-J. Chen).
http://dx.doi.org/10.1016/j.scitotenv.2014.02.023
0048-9697/© 2014 Elsevier B.V. All rights reserved.a b s t r a c ta r t i c l e i n f oArticle history:
Received 2 October 2013
Received in revised form 6 February 2014
Accepted 7 February 2014
Available online 25 February 2014
Keywords:
BFRs
OCPs
PCBs
Soil
Spatial distribution
Mass inventoryWe investigated the occurrence of brominated ﬂame retardants (BFRs), organochlorine pesticides (OCPs),
and polychlorinated biphenyls (PCBs) in the surface soils from the largest BFR-manufacturing and vegetable
farming center (Shouguang) of North China. The total concentrations of BFRs ranged from 39.9 to 8145 ng/g
dry weight with a mean of 1947 ng/g. The BFRs were dominated by decabromodiphenylethane (deca-BDEs)
and tetrabromobisphenol A (TBBPA), with means of 1127 and 672 ng/g, respectively, followed by
decabromodiphenyl ethane (DBDPE) (111 ng/g) and hexabromocyclododecanes (HBCD) (37.5 ng/g). This
proﬁle was generally consistent with the BFR production and use in China, except for TBBPA. Although the
lower brominated BDEs (tri- through hepta-BDEs) in the soil may originate from technical deca-BDE mixtures
as trace impurities and/or from the degradation of deca-BDEs, deca-BDE was shown to be persistent in the soil.
The concentrations of OCPs (44 ng/g) were signiﬁcantly lower than those of BFRs and displayed a spatial distri-
bution opposite to that of BFRs, which was concentrated in the industrial zone. PCBs (with the lowest levels)
showed a relatively uniform spatial distribution because of regional diffusive sources. The mass inventories for
the entire land soil (20-cm) were estimated to be 1042, 26, and 3.7 t for BFRs, OCPs, and PCBs, respectively.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Organochlorine pesticides (OCPs), polychlorinated biphenyls
(PCBs), and brominated ﬂame retardants (BFRs) represent three well-
known classes of man-made organic chemicals and ubiquitous organic
contaminants found in the environment and in living organisms (Hu
et al., 2008). Many of these halogenated hydrocarbons have been
included in the Stockholm Convention on Persistent Organic Pollutants
(POPs) because of their persistence, bioaccumulation, long-range trans-
port properties, and adverse effects on environmental and human
health.86 20 85290706.In recent decades, BFRs, which are widely used to manufacture tex-
tiles, furniture, electronics, and automotive interiors, have attracted
considerable research interest. China is a large BFR manufacturer and
consumer because of the rapid economic growth that occurred in recent
decades (Zhou, 2006). The main BFRs currently used in China include
tetrabromobisphenol A (TBBPA), polybrominated diphenyl ethers
(PBDEs), decabromodiphenyl ethane (DBDPE), and hexabromocyclo-
dodecanes (HBCD). The estimated domestic production volumes of
technical TBBPA, deca-BDE, DBDPE, and HBCD in 2006 were 38,000,
20,000, 12,000, 4500, and 4000 t, respectively (Xiao, 2006). 1,2-
bis(2,4,6-tribromophenoxy)ethane (BTBPE) is produced and used in
China (Cai, 2008), but information on its production and consumption
is not available. Recent investigations from China have raised concerns
about the extensive presence of BFRs in the environment and in
Fig. 1.Mapof Shouguang in Shandong Province, northernChina, and locations of sampling
sites. The red dashed-line circle represents the main industrial zone, the red solid-line
circle represents the downtown area, with the remaining land comprised mostly of
villages and farmlands.
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ever, information on BFR contamination from the BFR manufacturing
areas in China is limited.
Although the production of certain OCPs has been banned for
decades in most countries, these compounds frequently remain in
detectable amounts in the environment because of their signiﬁcant
historical use and global movement (Szlinder-Richert et al., 2008). As
a large agricultural country, China was a major producer and consumer
of OCPs. For example, the total production amountswere approximately
4.5 × 106 t for HCHs and 0.44 × 106 t for DDTs between the 1950s and
1980s (Zhang et al., 2009). China banned the agricultural use of certain
OCPs starting in the early 1980s, but certain small-scale applications are
still permitted (Wang et al., 2007).
PCBs were used in a variety of industrial and commercial applica-
tions, such as in transformers, capacitors, and plasticizers; however,
the production and usage were discontinued in the 1970s. Recent
research indicated that buildings, paints, and old appliances found in
urban areas are still signiﬁcant sources of PCBs in the environment in
Europe and North America (Diamond et al., 2010; Jamshidi et al.,
2007). In certain developing countries, the primitive dismantling of
electronic and electrical waste (e-waste) has been demonstrated to be
a substantial emission source of PCBs (Wang et al., 2011; Wong et al.,
2007). Consequently, elevated levels of PCBs in the environment and
in human tissue have been reported in parts of Africa and Asia in recent
years (Breivik et al., 2011).
Shouguang town is located in the eastern coastal area of Shandong
Province, which is an important industrial region in North China.
Shouguang became the largest BFR-manufacturing center in China
starting in the early 2000s because of the region's abundant source of
bromine. However, little information on BFR contamination in this
region is currently known. Shouguang has also been a famous vegetable
producing center for China (‘Chinese hometown of vegetables’) since
the mid-1980s. OCPs were very likely used in large quantities in this
region in the past, despite the consumption data not being available.
Soils are a signiﬁcant sink for POPs and provide a source of POPs trans-
ferred in the food web. In the present study, concentrations of BFRs,
OCPs, and PCBs, which are currently or have historically been used,
were measured in the farmland soils in this BFR-manufacturing and
vegetable center in China to examine the contamination status of
these chemicals in the region. The compositions and spatial distribu-
tions were investigated to understand their environmental processes
and sources. An estimate of the burden of these POPs residing in the
surface soil was made to evaluate the environmental impact from the
manufacturing or application activities in this region.
2. Materials and methods
A detailed description of the materials and instrumental analysis is
provided in the Supplementary material.
2.1. Sample collection
Shouguang has an area of 2180 km2, and its main industries include
marine chemical manufacturing, papermaking, and machine building.
There are more than 15 BFR-manufacturing plants in Shouguang,
which are mainly concentrated in the industrial zone in the northern
area (Fig. 1). The eastern coastal area of Shandong Province, where
Shouguang is located, is also an important industrial region that is char-
acterized by chemical manufacturing, household appliance manufac-
turing, and machine building industries. As a famous vegetable
producing center of China, Shouguang has 940 km2 of farmland (includ-
ing 560 km2 of vegetable land) and an annual vegetable production
volume of 4 × 106 t in 2012. The land use in the Shouguang is primarily
for agricultural, residential/commercial, and industrial purposes.
Samples were collected from the agricultural soils, which are pri-
marily sand–loam ﬂuvo-aquic soil with a small portion of saline-alkalisoil (near the shore) (Tang et al., 2011). Speciﬁcally, thirty-eight soil
samples covering the entire territory of Shouguang were obtained in
May 2008 (Fig. 1). The top 5-cm layer of soil was collected using a
pre-cleaned stainless steel shovel. Each sample was a combination of
four or ﬁve subsamples (at a distance of 3–4m) from an area of approx-
imately 100 m2. Soil samples were freeze-dried, ground, and homoge-
nized by sieving through a stainless steel 80-mesh sieve and stored at
−20 °C until extraction.
2.2. Extraction and cleanup
Approximately 20 g samples were Soxhlet extracted with an
acetone:hexane (1:1, v:v) mixture for 48 h. Activated copper was
added to remove elemental sulfur before extraction. The extract
was concentrated to 1–2 mL using a rotary evaporator and solvent
exchanged to hexane and was then divided into two subsamples. One
subsample was spiked with 13C-α-, β-, and γ-HBCD for analysis of
TBBPA and HBCD, and the other was spiked with BDE77, BDE181,
BDE205, and 13C-BDE209 for analysis of the other BFRs and with
PCB30, PCB65, and PCB204 for analysis of the OCPs and PCBs. Both
subsamples were puriﬁed through a silica column packed with neutral
silica (8 cm, 3% deactivated), 44% sulfuric acid silica (8 cm), and anhy-
drous sodium sulfate (1 cm) from the bottom to top. The efﬂuents
were concentrated to 200 μL under a gentle nitrogen stream. A known
amount of internal standards (d18-α-, β-, and γ-HBCD, 4-F-BDE67, 3-
F-BDE153, BDE118, and BDE128, and PCB24, 82, and 198) was added
to the ﬁnal extracts prior to instrumental analysis.
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Tri- through hepta-BDEs (BDE28, 47, 66, 85, 99, 100, 138, 153, 154,
and 183), pentabromotoluene (PBT), hexabromobenzene (HBB), penta-
bromoethylbenzene (PBEB), and polybrominated biphenyls 153
(PBB153) were analyzed by an Agilent 6980N gas chromatograph
coupled with an Agilent 5975Bmass spectrometer (GC–MS) using elec-
tron capture negative ionization (ECNI) in the selected ion monitoring
mode (SIM). A DB-XLB (30 m × 0.25 mm i.d., 0.25 μm ﬁlm thickness;
J&W Scientiﬁc, CA) capillary column was used for the separation. For
octa- through deca-BDEs (BDE196, 197, 201, 202, 203, 206, 207, 208,
and 209), DBDPE, BTBPT, and PBB209, the analysis was performed
with a Shimadzu 2010 GC–ECNI-MS system equipped with a DB-5HT
(15 m × 0.25 mm i.d., 0.10 μm ﬁlm thickness; J&W Scientiﬁc, CA)
column. The method detection limits (MDL), deﬁned as the mean
blank mass plus three standard deviations, were between 0.002 and
0.2 ng/g based on the average soil mass.
PCBs and OCPs (α-,β-,γ-, and δ-HCH, p, p′- and o, p′-DDD, p, p′- and
o, p′-DDE, p, p′- and p, p′-DDT, p, p′-DDM and DDMU, heptachlor, hep-
tachlor epoxide, aldrin, dieldrin, endrin, endosulfans I and II, endosulfan
sulfate, endrin aldehyde, endrin ketone, and methoxychlor) were
analyzed by an Agilent 7890A/5975C GC–MS in electron ionization
(EI) mode using a DB-5 ms capillary column (60 m × 0.25 mm i.d.,
0.25 μm ﬁlm thickness; J&W Scientiﬁc, CA) for separation. The MDL
ranged from 0.01 to 0.03 ng/g for PCBs and from 0.003 to 0.026 ng/g
for OCPs.
TBBPA and HBCD isomers (α-, β-, and γ-) were analyzed by an
Agilent 1200 series liquid chromatography (LC) system coupled with
an Agilent 6410 electrospray triple quadrupole mass spectrometer
(MS) in electrospray ionization (ESI) negative ion mode. An XDB-C18
(4.6 × 50 mm, 1.8 μm; Agilent) column was used for separation. The
MDLs were 0.002 ng/g for TBBPA and 0.003–0.007 ng/g for HBCD
isomers.
2.4. Quality control
A procedural blank was run with each batch of samples. Only trace
amounts of BDE47, 206, 207, 208, and 209 were detected in the
procedural blanks, and they were subtracted from the amounts
the sample extracts. The surrogate recoveries were 115 ± 10.6%
for BDE77, 101 ± 7.6% for BDE181, 98.9 ± 21.4% for BDE205, 117 ±
25.0% for 13C-BDE209, 101 ± 20.4% for PCB30, 112 ± 20.6% for PCB65,
125 ± 27.8% for PCB204, 103 ± 12.8% for 13C-α-HBCD, 102 ± 13.2%Fig. 2. The patterns of relative contributions of BFRs, OCPs, and PCBs in the surface soils in Shfor 13C-β-HBCD, and 100 ± 13.0% for 13C-γ-HBCD in all the samples.
The recoveries of target compounds were 74.7%–122% (standard
deviations b 11.9%) in the spiked blanks and 78.8%–142% (b18.0%) in
matrix spiked samples. The relative standard deviations were within
1.71%–17.8% for all compounds in the triplicate samples. Reported
concentrations were not surrogate-recovery corrected.
2.5. Data analysis
Data analysis, including the Pearson product moment correlation,
t-test, and one-way ANOVA, was performed on Sigmaplot 12.0. Concen-
tration data that did not follow a normal distribution were log-
normalized. A conﬁdence level of 95% was used for the statistical tests
and correlation analysis.
3. Results and discussion
3.1. Concentrations and compositions of BFRs
The total concentrations of BFRs in the soil ranged from 39.9 to
8145 ng/g, with a geometric mean (GM) of 668 ng/g on a basis of dry
weight from the present study (Table S1). The concentrations of total
BFRs and most of the individual compounds followed a log normal
distribution. The total organic carbon (TOC) contents of the soils varied
between 0.19% and 1.58%, with a mean of 0.65%.
PBDEshad a concentration range of 18.8–5179ng/g (GM=275 ng/g)
and were the primary class of BFRs, accounting for more than 50% of
the BFRs in over 60% of the samples (Fig. 2). PBDEs were dominated
by BDE209 (the predominant component of the technical deca-BDE
mixture), with an average percentage contribution of 94%. In contrast,
PBDEs from the technical penta- and octa-BDE mixtures had much
lower concentrations in the soils and followed the decreasing order
of BDE183 N BDE153 N BDE47 N BDE99. This ﬁnding was consistent
with the deca-BDE mixture having been the predominant technical
PBDE product used and manufactured in China (Xiao, 2006). In fact,
the manufacture of technical penta and octa-BDE mixtures in China
has not been reported. The composition patterns of tri- through
hepta-BDEs (with elevated contributions from BDE28, 47, and 153),
which differed signiﬁcantly from those in the technical mixtures
(Fig. 3), suggest that the primary origin of these congeners in the soil
may not be from technical penta- and octa-BDE mixtures. Instead,
these PBDEs were largely derived from technical deca-BDE mixtures
as trace impurities and/or from the degradation of highly brominatedouguang. The black bar (Others) refers to the sum of BTBPE, PBT, PBEB, HBBs, and PBBs.
Fig. 3. The congener proﬁles of PBDEs derived from technical penta-, octa-, and deca-BDE
mixtures in the soils and corresponding technical mixtures. Deca-BDE1 is a product
manufactured in China.
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between the concentrations of these PBDEs and the deca-BDEs found
in the soil (p b 0.001, Table S3). Moreover, photolytic degradation by
sunlight and microbial degradation of highly brominated PBDEs under
anaerobic conditions has been observed (He et al., 2006; Hua et al.,
2003). It has been suggested that lower brominated congeners have
greater tendency for atmospheric transport than highly brominated
ones (Wania and Dugani, 2003). These factors would also lead to
changes in the composition of PBDEs in the soil. It is worthwhile to
note that despite the PBDE degradation potential in the soil, the much
lower concentrations of tri- through hepta-BDEs and the stable deca-
BDE compositions in the soil (Fig. 3) demonstrated that BDE209 is
persistent and has not been subject to signiﬁcant degradation.Although TBBPA accounted for nearly half of theproduction volumes
of BFRs in China circa 2006, the concentrations of TBBPA were lower
than those of PBDEs in most soils in the studied area and varied signiﬁ-
cantly from 1.64 to 7758 ng/g with a GM of 107 ng/g. It is not clear
whether this resulted from differences in the production quantities of
deca-BDE and TBBPA manufactured in this region (though the quanti-
ties are not known). However, a likely reason for this ﬁnding resulted
from differences in the physicochemical properties between TBBPA
and other BFR compounds. TBBPA has a much higher water solubility
that increases exponentially with increasing pH (0.171–4.16 mg/L)
(Kuramochi et al., 2008) compared to other BFR compounds (e.g., 0.02–
0.03 mg/L for BDE209) (EHC, 2009). Shouguang is a coastal region
that has a highly saline-alkali soil (Liu, 2012). Consequently, there is a
greater tendency for TBBPA to migrate down to deeper soils along
with water than there is with other BFRs, thus reducing its concentra-
tion in the surface soil (Arnon et al., 2006). Alternatively, TBBPA may
be covalently bound to soil humic substances through the hydroxyl
groups hampering their extraction to organic solvents (Luo et al.,
2010), although a signiﬁcant correlation was not observed between
the TBBPA concentrations and TOC contents (Table S3).
As a replacement for deca-BDE products, DBDPE showed concentra-
tions quite lower than PBDEs in the soil, ranging from 12.0 to 344 ng/g
with a GM of 66.4 ng/g. One explanation was its short manufacture
history in China (from 2003), with another being that a considerable
number of DBDPE manufacturing plants are located in East China. The
concentrations of HBCD were also lower, with a GM of 5.91 ng/g
(between 0.30 and 280 ng/g). In most soil samples, γ-HBCD was the
most abundant isomer. HBCD in soils at the point-source sites (with
concentrations of 30.4–280 ng/g, which were much higher than other
sites, Fig. 4) was expected to originate from direct emission by the
manufacturing activities. However, HBCD diastereoisomer composi-
tions in the soil (on average, 12.0% α-HBCD, 18.5% β-HBCD, and 67.5%
γ-HBCD) were different fromwhat was reported in the Chinese techni-
cal HBCD product (12.0% α-HBCD, 11.0% β-HBCD, and 77.0% γ-HBCD)
(Yu et al., 2008), with enrichment of only β-HBCD, which has rarely
been reported in the literature (Covaci et al., 2006). This could be attrib-
uted to the HBCD product manufactured in this region having different
diastereoisomer compositions. Another possible explanation is the
application of industrial sewage sludges to the soils because elevated
β-HBCD contributions in sewage sludges were observed (Morris et al.,
2004). There was also a signiﬁcant difference in the stereoisomer
patterns in soils between the point-source and non-point-source sites
(23.8% α-HBCD, 19.7% β-HBCD, and 56.4% γ-HBCD) (p b 0.028) with
an enrichment ofα-HBCD and depletion ofγ-HBCD (Fig. 4). Enrichment
of theα-HBCDdiastereoisomer in the environment, especially in the air,
relative to the technical formulation has frequently been found (Covaci
et al., 2006). It is unknownwhether thiswas because of the difference in
diastereoisomer-speciﬁc vapor pressures of HBCD, which to our knowl-
edge have not been reported. Another explanation was a shift from
γ-HBCD to α-HBCD induced by photolytic isomerization and/or prefer-
ential degradation of γ-HBCD, which was previously observed (Davis
et al., 2005; Harrad et al., 2009). Other BFRs, including BTBPE, PBT,
PBEB, HBBs, and PBBs, showed the lowest concentrations and low
detection frequencies in the soil, indicating that these BFRs were not
manufactured in this region. Little information was found on themanu-
facture of these BFRs in China.
The concentrations of PBDEs in the present study were markedly
higher than the PBDE levels in the Chinese farmland soil (except for
soil from Shanghai) but comparable to levels in certain urban soils and
soils from e-waste dumping sites in China (Fig. S1). The soil PBDE
concentrations in the present study were also high compared to the
recently reported levels in other locations in the world. Currently,
limited data are available for other BFRs in soils. The concentrations of
TBBPA were at levels in the range of 0.30–32.2 ng/g in soils from Spain
(Sánchez-Brunete et al., 2009) and ranged from nondetectable (nd) to
5.6 ng/g in farmland soil and 26–104 ng/g in soils from an e-waste site
Fig. 4. The HBCD isomer patterns in soils from point sources (S7, 8, 9, 12, 34, 36, 37, and 38) and non-point sources in Shouguang.
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9.99 ng/g in industrial soils from South China (Gao et al., 2011) and a
mean concentration of 0.02 ng/g in background soils in East China
have been reported (Meng et al., 2011). The HBCD concentrations in
soils at open waste dumping sites in Asian developing countries (with
means of 0.04–0.54 ng/g) (Eguchi et al., 2012) were also low. High
levels have been found in soils from point-source sites in Europe
(110–23,200 ng/g) (Petersen et al., 2004). The DBDPE concentrations
in farmland soils from South China (nd–35.8 ng/g) (Shi et al., 2009)
and in various soils from Indonesia (nd–7.6 ng/g) (Ilyas et al., 2011)
were both lower than those in the present study (average 111 ng/g).
3.2. Concentrations and compositions of OCPs and PCBs
The concentrations of OCPs in the soils ranged from 7.17 to 171 ng/g
(GM = 32.3 ng/g) and their levels in most samples were lower than
those of PBDEs and TBBPA, comparable to those of DBDPE, and obviously
higher than the levels of other BFRs (Table S2). TheOCPswere dominated
by HCHs (55 ± 22%) and DDTs (37 ± 21%), which were detected in all
the samples, with GMs of 16.5 and 10.2 ng/g, respectively. In four of the
38 samples, the concentrations exceeded China's Soil Environment
Quality Standard for both HCHs and DDTs (50 ng/g) (GAQS, 1995).
Dieldrin and endosulfan sulfate were detected in less than 10% of the
samples, indicating a small use of these pesticides in the region. The
average level of DDT residues in the present study was close to the
median of the mean DDT concentrations in soils in China and other
locations in the world that were recently reported. However, the HCH
level in the present study was higher than most HCH values in these
soils (Fig. S2). This reﬂected the extensive use of technical HCH or
lindane in this region.
The isomer composition of HCHs consists of 31.5 ± 11.6% β-HCH,
30.2 ± 15.2% δ-HCH, 27.6 ± 6.37% γ-HCH, and 10.6 ± 4.89% α-HCH.
This pattern differed substantially from those for the technical HCHs
and lindane formulations, which were dominated by α-HCH (60%–
70%) and γ-HCH (N99%), respectively. It has been found that the HCH
isomers can be degraded under both aerobic and anaerobic conditions
in soils (Wu et al., 1997). The result is in agreement with the removal
rates of HCH isomers in agriculture soils (α-HCH N γ-HCH N δ-HCH≫
β-HCH) observed by Chessells et al. (1988). This suggests that historic
contamination was largely responsible for the HCH residues in thepresent soils. The ratios of α-HCH/γ-HCH (4–7 for technical HCH and
nearly zero for lindane) are frequently used to differentiate the possible
origins of HCHs from technical HCH or lindane (Zhang et al., 2004). The
ratios ofα-HCH/γ-HCH ranged from 0.11 to 0.78 in the soils in the pres-
ent study, which were lower than most of the ratios recently found in
Chinese soils (Fig. S3), implying that lindane was continuously used in
this region and resulted in a continuous input of γ-HCH into the soil.
The technical DDT is composed of 77% p,p′-DDT, 15% o,p′-DDT, and
trace amounts of DDE and DDD (EHC, 1979). For the soils in this study,
p,p′-DDT (44.4 ± 20.3%) and p,p′-DDE (33.2 ± 15.3%) constituted the
majority of the DDTs, followed by o,p′-DDT (11.1 ± 13.9%) and o,p′-
DDE (6.99 ± 9.54%). DDE and DDD are the major metabolites and
breakdown products of DDT under aerobic and anaerobic conditions,
respectively, in the environment. Thus, the ratio of p,p′-DDT/(p,p′-
DDE + p,p′-DDD) is typically used as an indicator of the resident time
and degree of degradation of p,p′-DDT in the environment. The ratios
(0–4.86) in the present study were greater than 1 in 70% of the samples
(Fig. S4), suggesting a fresh input of DDT into the soils. In addition, the
ratios of o,p′-DDT/p,p′-DDT in the soils ranging from 0 to 1.5 (with a
mean of 0.28) were much closer to that of the technical DDT (0.2)
than dicofol (~7) (Guo et al., 2009), indicating that application of dicofol
made a small contribution to the DDT contamination in the soils in this
region compared to other input sources. A further degradation product
of DDD, p,p′-dichlorodiphenylmethane (DDM), was detected inmost of
the samples (68%) with a concentration of up to 2.47 ng/g.
The concentrations of PCBs in the soils ranged from1.46 to 19.2 ng/g,
with an average of 5.89 ng/g (Table S2). The levels of legacy PCBs were
signiﬁcantly lower than those for BFRs and OCPs in the soils. This was
attributed to the small production and consumption amount in China
(approximately 10,000 t between 1965 and 1974) (Xing et al., 2005).
The PCB levels were within the concentration range in soils recently
reported from East, Northeast, and North China (average 1.07–
35.5 ng/g) (Teng et al., 2008; Wang et al., 2008, 2010; Wu et al., 2011;
Zhang et al., 2007) and comparable to the PCB levels in the global back-
ground soil (average 5.41 ng/g) (Meijer et al., 2003). Nevertheless, the
values in the present study were higher than the PCB concentrations
(0.14–1.84 ng/g, average 0.52 ng/g) in soils across China (including
urban, rural, and background soils) (Ren et al., 2007). The PCB homolog
composition was similar to that in the Chinese technical PCB product
but different from that in soils across China (Fig. S5) in which tri-,
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These ﬁndings indicated that the soils in this region were subject to
higher PCB pollution than most Chinese soils because of the intensive
industrial activities in and around Shouguang region.
3.3. Spatial distributions
Plots in Fig. 5 display the spatial distributions of the target contami-
nants (categorized by PBDEs, TBBPA, DBDPE, HBCD, OCPs, and PCBs) in
soils in the studied area, which were predicted by the ordinary Kriging
interpolationmethod. High contamination of TBBPA in the soil was con-
centrated in the east of the economic development zone. Compared
with TBBPA, soils in the entire economic development zonewere highly
contaminated with PBDEs, indicating that deca-BDE mixture was
manufactured extensively in the economic development zone. The spa-
tial distribution of DBDPE contamination had a signiﬁcant resemblance
to that of PBDEs, suggesting that the manufacture of the technical
deca-BDE mixture was most likely replaced by DBDPE in the BFR-
manufacturing plants in Shouguang. The distribution of HBCD followed
that of TBBPA, displaying a high contamination east of the economic
development zone.
The OCP concentrations had less spatial variation in the soils com-
pared to the BFRs and showed a spatial distribution that was generally
opposite to that of the BFRs, with relatively high contamination occur-
ring in soils outside the economic development zone. In fact, negative
correlations were found between concentrations of OCPs and BFRs
(Table S3). This is not surprising considering that Shouguang is an
important agricultural area and pesticideswere commonly used in agri-
culture. Similarly, PCBs also showed a relatively uniform distribution,Fig. 5. Spatial distributions of PBDEs, TBBPA, DBDPE, HBCD, Psuggesting diffusive sources to the soils. This was supported by the
positive correlations (r= 0.646, p b 0.001) between the PCB concentra-
tions and TOC contents in the soils. There was also a positive correlation
(r= 0.650, p b 0.001) between OCPs and TOC. A signiﬁcant reason for
this is the tendency to partition organic matter for hydrophobic organic
compounds after long-term residence in the soil. The result also
suggests that organic matter plays a vital role in determining the distri-
bution PCBs and OCPs in the soils. However, there was a lack of correla-
tion betweenmost BFRs and TOC and signiﬁcantly negative correlations
with TOC were found for DBDPE and HBCD (r =−0.348, p = 0.032;
and r =−0.341, p = 0.036, respectively). This result conﬁrmed that
the contamination of BFRs in the soils was primarily derived from
point sources (manufacturing activities).
3.4. Mass inventory
The soils in the studied region (Shouguang) were divided into 45
compartments, each of which had an area of approximately 44 km2
(Fig. 1). The inventory (I, t) was calculated by the following equation:
I ¼
Xn
i¼1CiAdρ; ð1Þ
where n is the land segment number, Ci is the average soil concentration
of the pollutants (ng/g) within segment i, which was estimated by the
concentration (or average concentration) at the contained site(s), A is
the area of each compartment (km2), d is the soil thickness (cm), and
ρ is the soil bulk density (g/cm3). With an assumed soil density of
1.43 g dry soil per cm3 wet soil (He et al., 2010) and a soil thickness of
20 cm, the inventories of BFRs, OCPs, and PCBs in the agricultural soilCBs, and OCPs (ng/g) in the surface soils in Shouguang.
53Z.-C. Zhu et al. / Science of the Total Environment 481 (2014) 47–54(1100 km2) were 373, 15.4, and 2.1 t, respectively. Based on this
method, their mass inventories in the soils for the entire region were
estimated to be 1042, 26, and 3.7 t, respectively (Table 1). This demon-
strated that during the past several years, there were approximately
635, 344, and 61 t of PBDEs, TBBPA, and DBDPE, respectively, released
into local soils from manufacturing of these BFR products. Manufactur-
ing plants in this region are a very signiﬁcant source of BFRs in the
environment; however, the primary input pathway (e.g., irrigation or
atmospheric deposition) to the soil is not clear. The estimated PBDE
inventory in the soil in the present study was much larger than what
was found (~48.5 t) in the Pearl River Delta, South China, an important
city cluster with a much larger area (Zou et al., 2007). The results also
indicated that after their ban for nearly 30 years in China, approximately
7.4 t of HCH and 7.2 t of DDT residues remain in the surface agricultural
soil.4. Conclusion
This work provides information on the contamination of BFRs, OCPs,
and PCBs in the surface soils from a BFR-manufacturing region and large
vegetable farming center of North China. The levels of BFRs have mark-
edly exceeded those of historically used OCPs as a result of rapid growth
of the BFR-manufacturing industry in the Shouguang region in recent
decade. PBDEs, TBBPA, and DBDPE were the primary BFRs, which is
consistentwith their production and use in China. However, continuous
inputs of lindane and technical DDT into the soil were still observed. Our
results indicated that approximately 1042 t of BFRs has been released
into local soil from manufacturing facilities since the early 2000s and
that approximately 26 t of OCP residues remains in the surface soil
after their 30-year ban in China. Further research is urgently required
to ascertain the air emission factors and inventories of BFRs resulting
from their manufacture, emission and transport pathways into the
atmosphere and soil, the impact of BFRs on the surroundings, and the
risk of human exposure to these pollutants.Conﬂict of interest
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The mass inventories of BFRs, OCPs, and PCBs in the surface soils (top 20 cm) in
Shouguang.
Chemical Mass inventory (t) Mass inventory per unit
(g m−2)
Agricultural land Entire land Agricultural land Entire land
PBDEs 222 635 0.202 0.318
DBDPE 26.3 61.1 0.024 0.031
HBCD 6.23 9.44 0.006 0.005
TBBPA 118 334 0.107 0.167
BFRs 373 1042 0.340 0.521
HCHs 7.42 12.9 0.007 0.006
DDTs 7.15 11.8 0.007 0.006
OCPs 15.4 26.2 0.014 0.013
PCBs 2.12 3.70 0.002 0.003Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2014.02.023.References
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